1. pH-dependence of glycolysis has generally been ascribed to the effects of pH on the activities of glycolytic enzymes. The present study shows that sugar transport is pHdependent in cultured Ehrlich ascites-tumour cells. 2. The rates of glucose consumption, of 3-0-methylglucose transport, and of 2-deoxyglucose transport and phosphorylation increased as linear functions of pH, as the pH ofthe cell culture medium was increased from 6.1 to 8.5. Transport of glucose, as measured in ATP-depleted cells, was pH-dependent to the same extent as transport of the non-metabolizable sugars. 3. Glucose consumption rates were about 8-fold higher at pH 8.5 than at pH 6.4. About 65-85% of glucose was converted into lactate. Sugar transport rates were 2.5-fold higher at pH 8.5 than at pH 6.3. 4. pH affected both simple diffusion and facilitated diffusion. pH effect was mainly on the Vmax. of 2-deoxyglucose uptake, and on the rapid-uptake phase of 3-0-methylglucose transport. 5. It was estimated that about 70% of the pH effect on the rates of glucose consumption may be due to the effect on sugar transport and the remainder to the effect on the activities of glycolytic enzymes.
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Rates of glycolysis increase with the rise in extracellular pH in a wide variety of cells and tissues (Zwartouw & Westwood, 1958; Halperin et al., 1969; Wilhelm et al., 1971) . The pH-induced changes in glycolytic rates are large, and may constitute a major cellular defence mechanism against alkalosis and acidosis. The effect of pH has been generally ascribed to changes in activities of several key glycolytic enzymes, in particular phosphofructokinase (Delcher & Schipp, 1966; Ui, 1966; Halperin et al., 1969; Wilhelm et al., 1971; Fodge & Rubin, 1973) .
The present study shows that sugar transport is markedly pH-dependent and may be the single most important factor determining the pH-dependence of glycolysis. Rates of sugar transport were measured by using 2-deoxy-D-glucose and 3-0-methyl-D-glucose, which are transported by the same system as D-glucose at the concentrations used in the present study (Hatanaka, 1974; Plagemann & Richey, 1974; Kletzien & Perdue, 1974; Christopher et al., 1976) . After the transport step 3-0-methylglucose is not further metabolized, and 2-deoxyglucose is phosphorylated but not further metabolized in the glycolytic pathway (Schmidt et al., 1974) .
The study was carried out with Ehrlich ascitestumour cells that had been adapted to grow in continuous-suspension cultures (Van Venrooij et al., 1970; Kaminskas, 1973; Kaminskas et al., 1976) . Vol. 174
The conditions of culture permitted exponential growth with cell doubling times of 12-1Sh. The cells were maintained in good nutritional state, characterized by high rates of protein and RNA synthesis and by a high-energy charge of the adenylate pool (Live & Kaminskas, 1975 (3-6h) . In the pH range of 6.1-6.8, cells were incubated at densities of 3.5 x 106 cells/ml or higher in tightly stoppered spinner flasks. In the pH range of 7.4-8.5 cells were incubated at densities of about 1 x 106 cells/ml and the cultures allowed to equilibrate with room air. The pH did not change by more than 0.2 unit during the course of each incubation. At hourly intervals 1.0ml samples of cultures were removed with an Eppendorf pipette and centrifuged at 300g for 3 min at 1 8°C. Glucose and lactate concentrations in the medium were determined in duplicate by the glucose oxidase (GOD-PERID) method (Bernt & Lachenicht, 1974) and by the lactate dehydrogenase method (Gutmann & Wahlefeld, 1974) respectively; pH of the medium was determined with a Radiometer model 62 pH-meter at room temperature. The cell pellets were washed once with 1.Oml of phosphatebuffered saline, solubilized with 1 % sodium dodecyl sulphate and their A260 determined. The A260 of cell lysates was found to be an accurate measure of cell number (Kaminskas et al., 1976) ; in 100 determinations in triplicate, single determinations deviated from the mean by an average of 3.5 %. A lysate of 9.6 x 105 exponentially growing cells has an A260 of 1.0 (Kaminskas et al., 1976 ) and contained 0.24mg of cell protein. Cells depleted glucose from the medium as a function of cell density and of time of incubation in a linear fashion in the pH range 6.1-8.5 and at glucose concentrations between 1 and 5.5mM. Glucose-consumption rates were calculated as nmol of glucose depleted/min per 106 cells. Increases in lactate concentration in the medium were used to measure lactate-production rates by cells; the rates were calculated as nmol of lactate produced/min per 106 cells.
Rates of 2-deoxyglucose and of 3-0-methylglucose uptake. For determinations of2-deoxyglucose-uptake rates, 2 x 106 cells were washed once with 5 ml of phosphate-buffered saline, suspended in 1.0ml of assay medium, placed in a stoppered 25ml Erlenmeyer flask and incubated at 37°C in a gyrorotary shaker bath. The assay medium was the above culture medium formulated without glucose or serum and containing 1 mg of bovine serum albumin/ ml to minimize cell adhesion to glass (Kaminskas, 1972) (Live & Kaminskas, 1975 pH-dependence of 2-deoxyglucose uptake. Cells transported and phosphorylated 2-deoxyglucose at a constant rate starting at 15s after the addition of the Fig. 1 . Glucose consumption and lactate production rates as afunction ofpH Cells were incubated for 3-6 h in parallel spinner flasks at the mean pH values shown. Cell concentrations were 3.5 x 106/ml and 1xl 106/ml in the pH ranges 6.3-7.4 and 7.4-8.5 respectively. Glucose consumption (o) and lactate production (o) rates were calculated and plotted as a function of the mean pH values recorded in each culture during the course of the experiment. The pH of the medium did not change by more than 0.2 pH unit in the course of the experiment.
Vol. 174 labelled sugar (Fig. 2a and 2b) . The values obtained in the first l5s represent an unsaturable component of the transport process, probably simple diffusion, and have to be subtracted to obtain linear rates of transport and phosphorylation (Plagemann & Richey, 1974) . Fig. 2(c) shows the increase in the rates of 2-deoxyglucose uptake and phosphorylation as the pH of the assay medium was increased from pH6.3 to 8.5. The increase in rates was linear and was calculated as 2.5nmol/min per 106 cells with each increase of 1 pH unit. The uptake rate at pH8.5 was about 2.5-fold higher than at 6.3.
The effect of pH on 2-deoxyglucose transport and phosphorylation was mainly on the Vmax., Km values were lower at pH6.3 and at pH8.5 than at pH7.4. In the experiment shown in Fig. 2(d pH-dependence of 3-0-methylglucose uptake. Uptake of 3-O-methylglucose was very rapid, and a linear portion of this process could not be detected (Fig. 3a) . This finding is consistent with the results of Renner et al. (1972) with Novikoff rat hepatoma cells and of Hatanaka et al. (1969) and of Venuta & Rubin (1973) with transformed mouse and chick fibroblasts. In contrast, untransformed fibroblasts transported 3-O-methylglucose at a slower and initially linear rate (Hatanaka et at., 1969; Venuta & Rubin, 1973; Christopher et al., 1976) . Fig. 3 (a) also shows that the uptake process was saturable, in that the uptake rates at all time intervals became near-maximal at 30mM-3-O-methylglucose. The experiments shown in Figs. 3(a), 3(b) and 3(c) were performed with cells from one culture and results obtained are directly comparable. Other such experiments yielded very similar results. Uptake rates were lower at pH 6.3 than at pH7.4 at all time intervals; the uptake process was saturable at 30mM-3-Omethylglucose. Uptake rates were higher at pH8.5 than at pH 7.4 (the 15 mM-3-O-methylglucose uptakes were unusually low in this experiment). The effect of high pH was especially prominent at higher 3-0-methylglucose concentrations and at later periods in the uptake curves. The uptake process was saturable at 20mM-3-O-methylglucose. Maximal uptakes were reproducibly recorded at 75 s, whereas the uptakes at pH6.3 and 7.4 continued to increase up to 195s. This prolongation of the rapid-uptake phase at high pH is better illustrated in the experiment shown in Fig. 3(d) , in which cells from one culture were assayed at five pH values between pH6.3 and 8.5 in 20mM-3-0-methylglucose medium. The differences in uptakes at different pH values became fully apparent only after 75s of incubation.
The lack of linearity of the uptake process made accurate estimations of the initial rates of uptake difficult. The finding that uptakes were most rapid in the first 15s is consistent with the results of Coe & Saha (1966) on glucose uptake by Ehrlich ascites cells. However, the use of 15s-uptake values as the initial rates of uptake would lead to an underestimation of the effect of high pH. The saturability of the uptake process at a lower 3-0-methylglucose concentration at pH 8.5 suggests that the Km for 3-0-methylglucose is slightly lower at pH8.5 than at pH7.4.
Contribution of transport to pH-dependence of glycolysis. To what extent may sugar transport contribute to the pH-dependence ofglucose consumption and glycolysis ? Direct comparisons of the increases in uptake rates ofeach sugar as a function of pH are not possible, since their absolute uptake rates are different. The present data on the differences in the uptake rates of glucose and of 2-deoxyglucose are consistent with the previously published findings with Ehrlich ascites-tumour cells (McComb & Yushok, 1964) . The 3-0-methylglucose-uptake rates, even though estimated with the above expressed reservations, are clearly much higher than those of glucose or of 2-deoxyglucose. One method of determining the effect of pH on the uptake of each sugar is to plot the rates at each pH value as a percentage of the rate obtained at pH 8.5. Such a plot (Fig. 4) derived from the results of Fig. 1, Fig. 2(c) and Fig. 3(d) (75 s values) shows that the uptake of glucose is more pH-dependent than the uptakes of 2-deoxyglucose and of 3-0-methylglucose, which are very similar. At pH 7.5 the rates of uptake of glucose, of 2-deoxyglucose and of 3-0-methylglucose were lower by 41, 27 and 30% respectively than at pH 8.5. This calculation suggests 1978 The data on sugar-uptake rates contained in Fig. 1,  Fig. 2(c) and Fig. 3(d) (75s values) were plotted as a percentage of the uptake rates at pH8.5. o, Glucose; 0, 2-deoxyglucose; A, 3-O-methylglucose. Time (min) that as much as 70% of the pH-dependence of glucose consumption may be due to the pH-dependence of sugar transport.
Direct evidence of pH-dependence of glucose transport was sought by depleting cells of ATP (and thus inhibiting the hexokinase reaction) and then measuring labelled glucose uptake. ATP depletion was achieved by incubating cells in glucose-free medium for 5 h. Previous studies (Live & Kaminskas, 1975) showed, and present determinations confirmed, that ATP concentrations in these cells were decreased by 80-85%. Their rates of 2-deoxyglucose uptake and phosphorylation were decreased by 75 % in the first 75s and by over 90% in the subsequent 60s, indicating a severe inhibition of the hexokinase reaction. Uptake of 3-O-methylglucose was decreased Vol. 174 Fig. 5 . Glucose uptake in glucose-starved cells as afunction ofpH Cells were incubated for 5h in glucose-free medium and then assayed sequentially for their rates of glucose uptake in assay media containing 5mM-glucose at pH6.3 (o), pH7.4 (A) and pH8.5 (U).
by 40-50 %. Uptake of labelled glucose by these cells was clearly pH-dependent (Fig. 5) . When 45, 75 and 135s uptake values were plotted as in Fig. 4 , they fitted the data for pH-dependence of 2-deoxyglucose uptake. When rates of uptake (15-75s at pH7.4 and 8.5, and 45-135s at pH6.3) were calculated and plotted as in Fig. 4 , they fitted the pH-dependence data of 3-O-methylglucose.
Discussion
The present study showed that, in cultured Ehrlich ascites cells, glycolysis, transport of 3-0-methylglucose, transport and phosphorylation of 2-deoxyglucose and transport of glucose (as tested in ATPdepleted cells) were all pH-dependent processes. The range of pH chosen in the present study was compatible with high degree of cell viability (cells could be cultivated for at least 3 days at each extreme of pH). Rates of glucose consumption were found to increase as a linear function of pH and therefore it was possible to quantify the pH effect. A linear response of the glycolytic rate to changes in pH is evident in the data of Delcher & Schipp (1966) , who studied this effect in perfused rat hearts. In contrast with our findings, Ibsen et al. (1960) found that Ehrlich ascites cells obtained from animals increased glucose consumption rates as pH was increased from pH6.3 to 7.2, but not on further increases to pH7.6 (effects of pH above 7.6 were not tested). The difference between these results and ours may be due to different nutritional state of cells.
After the suggestions by Delcher & Schipp (1966) and by Ui (1966) , the effect of pH on glycolysis has been thought to be due to its effect on phosphofructokinase and other glycolytic enzymes. Halperin et al. (1969) and Wilhelm et al. (1971) concluded that phosphofructokinase, glyceraldehyde 3-phosphate dehydrogenase or phosphoglycerate kinase, and pyruvate kinase were the main control points in pHdependence of glycolysis. The possibility that glucose transport may be responsible for a substantial part of the pH effect had not been, to our knowledge, previously considered. However, evidence of pHdependence of 2-deoxyglucose uptake in chick embryo fibroblasts has been presented by Rubin (1971) . Only dense cultures, but not sparse ones, were thought to exhibit pH-dependence of 2-deoxyglucose uptake and of thymidine incorporation into DNA, and these phenomena were related to regulation of cell growth by pH. The data for sparse cells (Rubin, 1971; his Fig. 11 ), when replotted as in Fig. 2(c (Freudenberg & Mager, 1971) . ATP may also be depleted by incubating cells with 2-deoxyglucose (Letnansky, 1964) . However, this procedure may not be appropriate for sugar-transport studies, since influx of added sugar would be complicated by efflux of non-phosphorylated 2-deoxyglucose.
The analysis in Fig. 4 
